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ABSTRACT
A number of studies have shown that the visibility of scattered broad emission lines in
Seyfert 2 galaxies is strongly dependent on the IRAS f60/f25 flux ratio, where those
Seyfert 2s with “warm” IRAS colours show polarised broad line emission. It is now
clear that this effect is due to the increasing dominance of the galactic rather than
the AGN emission at 60 µm in less luminous “cool” Seyfert 2s. However, we present
evidence that the 25 µm emission is a good measure of the AGN luminosity for most
Seyfert 2s. Using this result, we show that the visibility of scattered broad line emis-
sion has a dependence on the AGN luminosity. The observations can be interpreted
self-consistently if the scale height of the scattering zone varies with central source
luminosity whilst the scale height of the obscuring torus is approximately constant.
Key words: galaxies: Seyfert - galaxies: active - polarization - scattering - infrared:
galaxies - X-rays: galaxies
1 INTRODUCTION
The unified model for Seyfert galaxies provides a good qual-
itative explanation of the apparently diverse properties of
Seyfert 1 and Seyfert 2 galaxies (e.g., Antonucci 1993). In
this model, both types of Seyfert have the same nuclear
components, namely a broad line region and accretion disc
around a central supermassive black hole, but in Seyfert 2
galaxies the nucleus is obscured by an optically and geo-
metrically thick dusty torus. Strong support for the dusty
torus model has come from both theoretical models (e.g.
Pier & Krolik 1993; Granato & Danese 1994; Efstathiou &
Rowan-Robinson 1995) and X-ray and near-IR observations
(e.g., Alonso-Herrero, Ward, & Kotilainen 1997; Turner et
al. 1997; Risaliti, Maiolino, & Salvati 1999). Direct evidence
for hidden Seyfert 1 activity in Seyfert 2 galaxies has come
from optical spectropolarimetric observations which have
shown that broad line emission is observed in scattered flux
in some Seyfert 2 galaxies (e.g., Antonucci & Miller 1985;
Young et al. 1996; Heisler, Lumsden, & Bailey 1997 here-
after HLB; Moran et al. 2000; Lumsden et al. 2001 hereafter
L01; Tran 2001).
HLB carried out the first statistical study of the fre-
quency of polarised broad line emission in Seyfert 2 galax-
ies and found a correlation between the occurrence of po-
larised broad line emission and the IRAS f60/f25 flux ra-
tio where only those Seyfert 2s with “warm” IRAS colours
(f60/f25 <4.0) showed polarised broad line emission. It was
suggested in that paper that the IRAS colours reflected the
the inclination of the torus, so that “cool” sources had more
obscured nuclei. However, this explanation was later shown
to be inconsistent with the evidence provided from X-ray
observations (Alexander 2001; hereafter A01). Instead, A01
proposed an alternative picture where the IRAS f60/f25 flux
ratio was related to the relative luminosities of galactic and
AGN activity. In this picture the lack of polarised broad
line emission in “cool” Seyfert 2 galaxies is due to either an
intrinsically weak AGN component or a dominant galactic
component. Further analysis by Gu et al. (2001) and L01
supported this picture and it is now clear that the f60/f25
flux ratio is not directly related to the inclination of the
torus in the large IRAS apertures.
However, the previous data suggested that the 25µm
emission was related to the AGN, and the primary aim of
this paper is to test that result by examining the correlation
between the 25 µm luminosity (hereafter L25) and extinction
corrected hard X-ray (HX, 2–10keV) and [OIII] 5007A˚ lumi-
nosities (hereafter LHX and L5007). We use these results to
test how the detectability of polarised broad lines in Seyfert
2s depends on AGN luminosity, since this has never been
properly examined in the past, and suggest a scheme that
explains our results.
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2 MID INFRARED EMISSION IN SEYFERT
GALAXIES
The most commonly used indicators of the AGN luminosity
are LHX and L5007 (eg. Mulchaey et al. 1994, Alonso-Herrero
et al. 1997). Unfortunately there is no single homogeneous
sample of Seyfert galaxies observed in either band. At the
time of writing the most complete compilation of Seyfert
2 HX properties is presented by Bassani et al. (1999) and
we have used this sample for our HX analysis. To provide
a comparison, we have included the Seyfert 1 galaxies from
Reynolds (1997). The heterogeneous nature of these X-ray
samples is not in itself a problem, since the observed galax-
ies span a wide range of obscuration and luminosity, which
are the primary parameters that we might expect to intro-
duce a bias in any correlations we find. However a potential
bias could be introduced by the nature of the observations.
Unlike the infrared or optical data, the X-ray catalogue is
essentially flux limited (where the limit is set by the avail-
able instrument/mission sensitivity). This could translate
into a false luminosity correlation if there are a large num-
ber of galaxies at the flux limit, but with widely varying
redshifts. We have attempted to correct for this by only
using the galaxies with cz < 9000kms−1. We have also ex-
cluded all sources from both samples which are radio-loud
or have optical characteristics more typical of LINERs or
quasars so that the sample does at least have a homogeneous
optical classification. The X-ray emission was corrected for
absorption in the case of Compton thin sources (those with
NH < 1.5 × 10
24cm−2). No correction was made for the
Compton thick sources since the direct X-ray emission is
blocked in this case and the detected emission is predom-
inantly scattered light. Estimating LHX in these sources is
dependent on the scattering model adopted, and hence prone
to error; we have not included these galaxies in the correla-
tion tests involving LHX.
The [OIII] 5007A˚ data was taken from Bassani et al.
for the Seyfert 2s, and from Mulchaey et al. (1994) for
the Seyfert 1s. The [OIII] fluxes given by Bassani et al.
are already extinction corrected: the data for the Seyfert
1s was corrected using, in order of preference, the Hα/Hβ
ratios given in Mulchaey et al. (1994) and the values of AV
listed in Winkler et al. (1992). We discarded those galax-
ies without reported [OIII] fluxes. IRAS 25µm fluxes for all
these galaxies were taken from, in order of preference, the
IRAS Bright Galaxy Survey (Soifer et al. 1989, Sanders et
al. 1995), the 1.2 Jy catalog (Strauss et al. 1990) and the
IRAS Faint Source Catalogue (Moshir et al. 1991). We de-
fine L25 = νPν(25µm), where Pν is the radiant power. The
IRAS data was not corrected for any residual opacity at
this wavelength. We discarded three galaxies which either
lie in gaps in the IRAS sky coverage (MCG-5-23-16 and
NGC3081) or are blended with other nearby bright sources
(NGC2992 where the IRAS emission is a blend of the emis-
sion from NGC2992 and NGC2993). We used the survival
analysis techniques in the software package ASURV (version
1.1: La Valley, Isobe & Feigelson 1992) to deal with the up-
per limits present in the IRAS data. This implements the
methods for correlation analysis outlined in Isobe, Feigelson
& Nelson (1986).
Figure 1 shows the correlation between L25 and (a) LHX
and (b) L5007. Correlations between the three are found at
> 99% confidence. We checked for any bias introduced by
the essentially flux limited X-ray samples by also examining
the correlations between the fluxes. Correlations of the [OIII]
5007A˚ flux with both the 25µm and HX fluxes are also found
with > 99% confidence. The correlation of the 25µm and
HX fluxes is weaker, with only 93% confidence. There is no
evidence from this however for any bias being introduced
into the luminosity correlations we have found.
There are trends in the luminosity correlations that the
raw probabilities do not reflect. The galaxies with lower
LHX or L5007 tend to have excess 25µm emission. It is likely
that there is a significant contribution from the host galaxy
emission (presumably star formation) in these galaxies. We
tested for the presence of an additional host galaxy compo-
nent in two ways. First, we examined the IRAS colours of the
galaxies in the fashion of Dopita et al. (1998). Figure 2(a)
shows that objects with low L5007 clearly have IRAS colours
typical of starbursts or LINERs (see also Figure 1 in L01).
Secondly, we examined the compactness of the 10µm emis-
sion as a function of L5007, using the data from Maiolino et
al. (1995) and Giuricin, Mardirossian and Mezzetti (1995).
The compactness is defined in the standard sense as the
colour-corrected ratio of the small aperture (3–10′′) ground
based 10µm flux and the IRAS 12 µm flux. We assume that
the 10 and 25µm emission trace the same dust (it would
be better to measure the compactness at 20µm but there
are very few small aperture observations available). Figure
2(b) shows that there is a strong correlation between the
compactness and the AGN luminosity at >99.9% confidence
for galaxies with cz < 5000kms−1. We truncated the red-
shift range in order to avoid false correlations caused by the
fact that the more luminous systems also tend to be more
distant. The reality of this correlation is demonstrated by
the fact that the actual observed confidence level does not
change if we truncate the sample anywhere in the range
2500 < cz < 25000kms−1 . There is clear evidence from both
these indicators that the host galaxy can be a significant
contributor at these wavelengths in less luminous Seyferts.
We estimated the luminosity at which galactic 25µm
emission has a significant effect on the overall spectral en-
ergy distribution by inspection of Figure 2(a). We found
that galaxies with LHX <∼ 10
7.2 L⊙ and L5007 <∼ 10
7.3 L⊙
were likely to have IRAS colours more typical of the host
galaxy. We therefore excluded these systems when deriving
the fits to the data shown in Figure 1. Note however that the
actual significance of the correlations seen in Figure 1 hardly
changes if we exclude these lower luminosity AGN. We fitted
the data with the bisector of the linear regression of y on
x and x on y, which is the best estimate of the underlying
trend in this case (see Isobe et al. 1990) The slopes found
are all close to unity, within the errors, as expected if all
three observational parameters reflect the underlying AGN
luminosity. The actual values are 0.82±0.12 and 1.05±0.12
for the data shown in Figure 1(a) and (b) respectively, and
0.98±0.08 for the correlation between LHX and L5007 (not
shown in Figure 1, since it essentially repeats the previ-
ous work of Mulchaey et al. 1994, and Alonso-Herrero et
al. 1997). If we include the galaxies with excess emission
at 25µm the slope decreases to 0.72±0.06 in both Figure
1(a) and (b). This is in the sense expected if the lower lu-
minosity galaxies do have excess 25µm emission. It is clear
from these results that the L25 is as good an indicator of
c© 0000 RAS, MNRAS 000, 000–000
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the underlying AGN luminosity as the extinction corrected
X-ray or [OIII] luminosities, at least for those galaxies with
L5007 > 10
7.3 L⊙.
3 DETECTABILITY OF SCATTERED BROAD
LINE EMISSION IN SEYFERT 2 GALAXIES
Scattered broad Hα from the broad line region has been de-
tected in > 30 Seyfert 2s using optical spectropolarimetry
since the initial observations of NGC1068 by Antonucci &
Miller (1985). Until the work of HLB there were no statisti-
cally significant samples to test the mechanisms that effect
the visibility of scattered broad line emission in Seyfert 2
galaxies. Now with the addition of the larger distance limited
sample of Moran et al. (2000), the far infrared flux and lumi-
nosity limited sample of L01 and the heterogeneous optical
and mid infrared selected sample of Tran (2001) we have a
much firmer grasp of how often we see such hidden broad
line regions (HBLRs). However, there have been no direct
attempts to relate their detectability directly to the AGN lu-
minosity, partly because suitable measures of that luminos-
ity were not always available. Therefore, we have considered
this issue using L25 as an indicator of the AGN luminosity
using the above samples; we have implicitly assumed that
all of the Seyfert 2s in the Moran et al. (2000) sample are
not HBLRs unless they are included in their reported detec-
tions or were previously known to contain HBLRs (though
we have included the two extra detections given in Moran
et al. 2001). We have used the IRAS fluxes from the same
sources as in Section 2. Some of the Moran et al. sample
lie within gaps in the IRAS sky coverage and were excluded
(MCG-5-23-16, NGC3081, NGC4117 and NGC7450), as was
NGC2992 for the reason outlined in Section 2. Finally, we
note that some of the galaxies in the Moran et al. sample
only have upper limits at 25µm, necessitating the use of the
ASURV package when comparing samples on the basis of
luminosity.
We tested whether the redshift distribution of the
HBLRs and non-HBLRs are the same for all three samples
before comparing the luminosities to avoid introducing a
Malmquist type bias into our analysis. A Mann-Whitney U
test shows there is no evidence for a difference in the redshift
distributions of HBLRs and non-HBLRs in the Moran et al.
(2000) and L01 samples at the 5% significance level. The
Tran (2001) sample does however show a difference at the
1% significance level. This is largely due to the presence of
many low luminosity nearby AGN in the 12µm galaxy sam-
ple of Rush et al. (1993) which makes up well over 50% of
the Tran sample. If we impose a lower redshift limit on the
Tran sample of 2500kms−1, then the difference in the red-
shift distribution is removed. Therefore in what follows we
have used this truncated version of the Tran sample which
has 2 HBLRs and 8 non-HBLRs removed. In practice, this
has little effect on the actual significance of the difference
in luminosities between the subsets found below, but is the
simplest way to correct for this bias in the Tran sample. We
also note that we have excluded the 2 galaxies from the L01
sample which had insufficient signal-to-noise to adequately
determine the absence of an HBLR (see Section 3.1 of L01
for further details).
Figure 3 (a-c) shows the L25 distributions for the sam-
ples. Statistically the distributions for the HBLR samples
differ from the non-HBLR samples at the 99level for both
the Moran et al. and Tran samples (Figure 3a and 3b), with
the galaxies containing HBLRs being more luminous. We
used the four available two sample tests in ASURV to test
whether the upper limits present affected the result: the sta-
tistical significance was > 99% for all four. These tests are
outlined in Feigelson & Nelson (1985). There are fewer low
luminosity Seyferts in the L01 sample, so the clear distinc-
tion present in the other samples is less obvious in Figure
3(c). Statistically the galaxies with and without HBLRs do
have different L25 at the 88% confidence level, but this can-
not be described as conclusive. We therefore also considered
L5007, which was available for this sample. The two samples
differ here at the 92% confidence level in good agreement
with the results of the 25µm data. Again this is not con-
clusive, but the similarity of the two indicators gives added
confidence to our results for the Moran et al. and Tran sam-
ples, and the actual result agrees with the trends seen in
those samples.
Finally we considered how our results are affected by
our caveat that L25 may not truly reflect the AGN lumi-
nosity in the lowest luminosity galaxies. Clearly, all this can
do is move some of the low luminosity galaxies (which uni-
formly show no evidence of an HBLR) to higher luminosities.
Therefore the actual distinction between galaxies containing
an HBLR and those without may be greater than we have
estimated.
4 DISCUSSION AND CONCLUSIONS
We have shown that the large beam 25µm emission mea-
sured by IRAS is a good indicator of the underlying AGN
luminosity in Seyfert galaxies for even the most obscured
systems. Within the Unified model of Seyfert galaxies, any
AGN emission at 25µm is produced by dust emission within
the torus. Our results therefore suggest a direct relation-
ship between the luminosity of the central source and the
luminosity of the dusty torus, as was previously found for
shorter wavelength infrared data by Alonso-Herrero et al.
(1997). Furthermore, those sources with powerful AGN have
warm IRAS f60/f25 colours. A corollary of this and previ-
ous results of HLB is that those sources with luminous 25µm
emission should therefore be more likely to have detectable
HBLRs; we have directly shown this is the case for 3 inde-
pendent optical spectropolarimetric samples.
An obvious conclusion for the lack of a HBLR could
be that they do not exist in the lower luminosity Seyfert
2 galaxies (ie these are “true” Seyfert 2s). L01 discussed
this issue, where it was shown that there is no significant
difference in the detection rates of obscured HX emission
or compact cm radio emission in galaxies with and with-
out HBLRs. A similar result is shown directly by the HX
study of Moran et al. (2001) and can also be inferred for
the Moran et al. (2000) sample from the analysis of Gu et
al. (2001). Clearly both galaxies with and without HBLRs
show evidence for obscured or scattered Seyfert 1 cores in
HX spectra.
How can the luminosity of the AGN affect the “visibil-
ity” of the HBLR? One possibility, addressed in detail in
A01 and L01, is that the relatively larger contribution from
c© 0000 RAS, MNRAS 000, 000–000
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the host galaxy in the less luminous AGN leads to increas-
ing dilution of the polarisation signal, making it harder to
detect any HBLR. Alternatively, we might be seeing a more
direct physical connection between the AGN luminosity and
the visibility of the HBLR. The scale height of the scattering
particles will be larger in the more luminous sources for any
reasonable geometry and electron density distribution. This
creates two biases against the detection of HBLRs in less
luminous sources. First, any HBLR emission will be intrin-
sically weaker (e.g., see A01) and secondly, the angular size
of the scattering screens will be smaller. A smaller scattering
screen has a larger probability of being obscured from view
by either dust in the host galaxy or dust within the torus.
The importance of the latter effect will depend upon the
scale height of the torus and the relationship this has with
the luminosity of the central source. There are several pro-
cesses that could effect the scale height of the torus (e.g.,
radiation pressure will inflate the torus, gravitational and
dynamical effects will tend to compress it). However, there
are no forces that will tend to compress the size of the scat-
tering volume. Therefore, the dependence on luminosity of
the scale height of the scattering particles should be greater
than that of the torus. The fraction of scattering that is
obscured by the torus will therefore decrease as the AGN
luminosity increases, naturally giving rise to the observed
behaviour found in Section 3.
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(a) (b)
Figure 1: The observed correlations between L25 and (a) LHX and (b) L5007. The Seyfert 1s are shown as o, the Compton
thin Seyfert 2s as • and the Compton thick Seyfert 2s as +. 25µm upper limits are shown by the arrows. The solid straight
line in each plot is the best fit to the data excluding those galaxies which are Compton thick, and those galaxies in (a) and
(b) LHX <∼ 10
7.2 L⊙ and L5007 <∼ 10
7.3 L⊙. The vertical dashed lines show the boundaries between those galaxies which we have
classed as AGN dominated, and those in which the host galaxy dominates. Excess 25µm emission can clearly be seen for the
galaxies to the left of these lines.
(a) (b)
Figure 2: (a) IRAS colours of the sample as a function of L5007. The Seyfert 1s and 2s have been merged in this sample.
Those with L5007 < 10
7.3 L⊙ are shown as +. These are the galaxies which we class as host galaxy dominated. Those with
107.3 <L5007 < 10
8.5 L⊙ are shown as △. Those with L5007 > 10
8.5 L⊙ are shown as ⋆. The solid line plotted is the track
followed by an increasingly reddened Seyfert 1. The dashed line shows the locus of the starburst/LINER population. The
dot-dashed line is the boundary within which galaxies of mixed AGN and starburst excitation should lie. See Dopita et al.
(1998) for more details. (b) The compactness of the 10µm emission as a function of the L5007. Seyfert 1s are shown as o,
and Seyfert 2s as •, clearly indicating the lower luminosity objects are more likely to be less compact. Only galaxies with
cz < 5000kms−1 are shown.
c© 0000 RAS, MNRAS 000, 000–000
6 S.L. Lumsden, D.M. Alexander
(a) (b)
(c)
Figure 3: Luminosity distribution of the galaxies in which HBLRs are detected (solid line) and not detected (dashed line)
as a function of the L25 for the (a) Moran et al. (2000) sample, (b) Tran (2001) sample and (c) the L01 sample.
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